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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 111k

CALCULATION OF-SURFACE TEMPERATURES TN -
STEADY SUPERSONIC FLIGHT

By George P. Wood
SUMMARY

Surface temperatures wers calculated for bodies 1n eteady
superasonic flight at Mach numbers from 2 to 10 end for altitudes i
from 50,000 to 200,000 feet end emissivitles from O to 1. The _ -
importance of the effects of radistion and convectlon was deter-
mined. It was found, under the assumption of an lsothermal .
atmosphere, that the gain of heat from the elr by convection T
decreasea at constant Mech number &s the altitude is iIncreased. -
Equilibrium betwsen convection end radiation is estadlished at =
temperatures thet consequently decrease as altitude. is Increased. -
In general, therefore, at sufficiently high altitudes the surface =
temperature 1s consldorably less then the ategnation tomperature. ==
At e Mach number of 8, for exsmple, the stagnation temperature D

1s 4800° F ebsolute end the equilibrium surface temperaturs for
an emissivity of 0.5 is 3800° F absolute at 50,000 feet and
decreases to 1350° F absolute at 200,000 Poot. o : ST T

INTRODUCTION . S emiioz=

As ectual and proposed speeds of flight increase, the problem
of aerodynamic heating of airplanes and rocksts becomes a source . TE
of great concern. The importance that the problem assumss.lis g T
forcibly illustrated by the heating of meteors. While a meteor is T
moving through empty space, its temperature is low. Yet, within a e
few seconds after the meteor enters the earth's atmosphere, its T '
surface has become incandescent. Although combustion doubtless
playe a role in the final temperature veached, the surface of the S :
meteor attaine at loast combustion temperature by friction and - =
by compression of the earth's atmosphere.

The purpose of the present paper is to examine the problem of ;
aerodynamic heating of bodies in steady supersonic flight, to state . - -
what alleviating factors exist to determine the significance of '
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these factors end, finally, to calculate the tempesratures that can
be expected on the surfacesof bodles et supersonlc apeeds.

The results presented herein are based on analysis and on
extrapolation. It was found necessary to use subgonic heat~transfer
cquations for supersonlc flow, small-vliscosity-gradient heat-
transfer equations in flow where the viscosity gradient is large,
and estimated atmospheric density at altitudes at which tho
properties of the atmosphere are not yet accurately known. The
extrapolations are necesgary at the present time because of a
lack of experimontal and theoretical data. .The quantitative
accuracy of the results obtained herein depends, of course, on the
correctness of the several agsumptions that were necessary in
making the extrepolationsa.

SYMBOIS

a ratio of characteristic temperatures (50/9N>

cp gpecific heat at constant pressure, Btu}(lb)(oF)

Cy specific heat &t constent volume, Btu/(1b) (°F)

D effective molecular dlemeter (9.1 X 10-10 ft)

g acccleration dus to gravity (52.2 ft/secé)

hy local coefficlent of heat tranéfer at dlstance x from
leading edge, Btu/(sec) (sq £t) (°F)

h average coefficient of heat transfer over distance x
from leading edge, Btu/(sec) (sq Ft) (OF)

H rate of heat transfer, Btu per second

J mechenlcal equivalont of heat (778 ft-lb/Btu)

k thermal conductivity, Btu/(sec)(sq Ft) (°F/f+)

M Mach nunber

Pr  Prendtl number E@yg/%)

R gas constant (for air, 53.52 £t-1b/(1b) (OF abs.)}

Ro Reynolds number (pVx/u)
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S8 surface area, square feet

T temperature, °F absolute ) L -
Ty temperature of surface, °F absolute | -
Ty ' -‘total or s.’cagn:‘a.ti'on temperature, °F absolute - —
v ‘ 'velpc—:it.y, feet per second S | ' -
x d.'ista,nce Trom lead.iﬁg edgse, feet o e T
Y altitude, fest o
z ratio of temperatures <6N,/T) _ . L =
o ‘shock-wave engle, degrees o :
B helf é.ngle of wedge mirfoil, degrees ___
7 mfio of specific hea;bs (cp/cv) o
3] ' boundery-layer thickness, foet : ' | :___‘

€ . emissivity, ratio of emissive power of actual surface to

' that of black body

<] characteristic temperature, OF absolute

s mean free path, feet

u coefficient of viscosity, slug/({ft)(sec) -
v nunber of molecules per unit volums (7.3 X 1023 per _

cubic foot at sea-level demsity) - =

p mass density, slug per cubic foot R
o Stefan-Boltzmann constant @.8 X 10-13 Btu/{amsc) (sq £t) (°F absi%
Subsecripts: e _
N nitrogen ) . . e
0 oxygen | . B :
1,2 regions in figure b

t total
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ANATYSIS

In order to celculate surface temperstures, stagnation or
total temperatures are first calculated. The variation of the
total or stagnation temperature of alr wlth Mach number 1s shown
in figure 1. Figure 1 applles in the stratogphere, under the
esgumption thet the atmospheric temperaturs thers is 392° F absolute.
The equation . : '

Tt='1‘(l.+7é 1M2)' (1)

with 7 = 1.4 was used to obtain figure 1. The values of stag-
nation temperature shown in figure 1 are frequently thought of as
the temperatures that will exlst on the surfaces of supersonlc
bodies. Even at a Mach number of &4 the stagnation temperature is
high and rises rapidly as Mach number is increased. The use of

the values of stagnetion temperature glven in figure 1 as the
surface temperatures of airplanes end rockets, however, is an over-
simplificetion of the problem, as certain factors cause the surface
temperatures to be less then the temperatures shown in figure 1.

Variation of Specific Heats

In the first place, the specific heats of air are functions
of the temperature. A more refined value of stagnation temperature
than that given by equation (1) can therefors be obtained by taking
into account the variation of the specific heats wlth temperature.
According to the classical kinetic theory of gases, the specific
heats of (dietomic) air are ' ’ -

(2)

o)
u
Q
+
Qi
[
AV BN |
4l

at temperatures near 500° F ebsolute. At these temperatures the
three degrees of freedom due to tranglation of the molecules and.
the two dogrees of freedom due to rotation have been fully brought
into play. As the tempsrature is ralsed, vibration of the molscules
1s gradually activated and mekes its contridbution to the gpescific
heats. As the temperature increases, therefore, the values of ¢
and ¢y increase above the valuss given by equation (2), end the
value of 7 decreases below the value of 1.k that was used in
equation (1) and in figure 1., If the temperature is raised enough,

P
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dissociation also contributes to the specific heatas. The effect of

dissoclation, however, is not included in the present analysis, as _'

the effcct is not very important at the temperatures considered

herein and & quantitetive treatment of the effect would be rather
complex. Electronlc sxcitation and molecular and atomic ionization
are also present if the temperature is raised enough. OFf these

processes the electronie excitation of oxygen occurs at the lowest -

temperature and has the largest effect on the specific heats. A
check calculation shows, however, that its contribution to the
specific heats is only ons-half of 1 percent at 6000° F absolute.
The effects of oxcitation and lonization avre therefore not takcen
into account herein. Vibration, however, begins to occur at
approximately 500° F absolute, and the effect of vibration on the
gpacific heats and the stagnation temperature is therefore
investigated.

The specific heat of ailr at constant pressure is given by
the following equation, in which the quantities on tho loft-hend

side refer to air, which is considered to be composed of T9 percent
nitrogen by volume and 21 percent oxygen. Thus,

°p oy °Po

R =0-79"-R—N

According to the classical guantum stetistics (see, For example,
reference 1),

C
Py _ T z°e® -
'fT —R-N— - (6% - 1)2 _ , e ___(’i)
c 2
T P .7 + (az) o2 (5)

where

+ 0.21 -':é"o- - : (3)
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and ' : :
90%
82 = BT
N
are the Planck-Einstein "charvecteristic

The quentities. GN and 90 _ !
From meesursments of molscular spectra they are known

temperaturee."
to have the values (see, for example, reforence 2)
6y = 6060° F ebsolute

€y L4050° F absolute

By use of equations (4) and (5) equetion (3) can then be rewritten as

2.2 . 2 8z

7 z%e (az)e

== -{- 0 -79 + 0 021 " - (6)
=3 (ez-_ 1)2 (eaz B 1)2 \

J

ol °

The expression for stagnaetlon temperature that tekss into .
account the veriation of the specific heat of alr is derived as
follows: The differential squation that expresses comgervation of
energy in an adlabatlic flow process is

(7)

cng dT + Vav =0

If substitutions are made in equation (7) for °y
and for 4T from the relstion
EN dz
a7 = - 5
: z
then -
zZ : ez
-3.548z _0.79¢" dz _ 0.21ae"" d(az) ¥V dV _
(eB2 6.1)2 QRQN

2? (eZ - 1)°

from equation (6)

(8)

ol

-

>
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" =)

Integration of equation (8) between.the limite of the free-streem
condition (subscript 1) snd the stagnetion condition (subscript t)
gives

. _
3.5,.079 ,__oak _3.5,2M (9)
Zy 1 eO.67zt 1 - zy Zy

in which extremely small terms on the right hand side have been

omitted, 73_gBT1M1 has been substituted for ‘Tl s &and numerical

values have boen substituted for a and 7q- Equation (9) gives

the relation 'be'bween stagzation tempemture Tt o and free—

streem Mach number Ml' Stagna*ion tompera.ture &s a func‘bion of

Mach number, as given by equation (9) for & free-stresm tempera-
ture of 392° F absolute, is shown in figurs 2. At the lower values
of Mach number the-deviation of the staghetion. temperature from the
values shown in figure 1 i very emall. .A%t the- higher Mach numbers
the deviation is larger and amounts to 1300° at.e Mach number of 10.
The numorical computetions of surfece temperature for the present
parer were based on the stagna'bion temperatures shown - in figure 2.

Recovery F,a.'.c_t:or

—_— . j—

The second factor that has a .'bcaring on the temperatures
obtained in flight is the so-called "temperature recovery factor'.

If a fluid is brought from & state of motion to & state of rest 7™

by en adisbatic compression, ss at s stagnation point, its tempera-
- ture is raised, as shown in figure 2. If, hoWwever, a fluid is
brought from a stete of motion to a states of rest by friction, as
occurs, for erample, at the surfsco of a flat plate that is '
oriented peralliel to an air stream, the temperature of the fluid

is raired to & value that may be different from that obtained by
adiabatic compression. ,The ratio of ths temperature rise due to
frictlon to the temperature rige due to adiabatic compression is
knowri as the recovery factor. The value of the recovery factor
depends on whether the flow is laminar or turbilent. ‘The recovery
fector for flet plates in laminar flow has been shown theoretically
in references 3, 4, and 5 to be very nearly equal to the square
root of the Prandtl number. The Premdtl number of air at ordinary
temperatures is about 0. 75 and the recovery factor is sabout 0.87.

i



8 NACA TN No. 111k

The measured value of the recovery factor has been reported in
reference 6 to be 0.87 for flat plates and in reference 7 to

be 0.91 for the laminsr flow at 0.1 chord of en alrfoil., Theo-
retical determinations of the recovery factor in turbulent flow
have not been precise. (See reference 8.) The measured value
reported in reference 6 ig 0.90 for f£lat plates end in reference 7
is 0.95 for the turbulent flow at 0.7 chord of en airfoil. The
value of the recovery factor has not been meassured at high tempera-
tures or at high supersonic Mach numbers. (Measurements at low
supersonic Mach numbers have been reported 1in reference. 7.) In the
present paper & recovery factor of unity hess been used.

Radistion

The third and fourth Pactors thet affect surface temperatures
are rediation and heat trensfer by convection: Notwlthstanding
the fact that in supersonic flight the surface temperature
(boundary-laeyer temperature) is much higher than the stream tempera-
ture, there is, of course, no transfer of heat between the surface
and the stream provided- that the surface is at the tempsrature to
which ‘the air in the boundary layer has been railsed in being dbrought
toreat. If, however, the surfacs loses heat by radlation and drops
in temperature, there will be transfer of heat by convection from
the air to the surface. It 1s obvious that under conditions of
constant Mach number and altitude the processes of hoat loss by
radiation and heat galn by convection will come to equilibrium at a
surface temperature that is lower then the surface temperature that
would exist without radlation. The effects of radiation and con-
vection muat therefore be evaluated. .

The rate at which ensrsy ls lost by & surface by radistion is

E L
.§=-€“Ts (10)

For the present calculations the following_vélues_of € wore used
(compare reference 9, pp. 50-51. end table XIII, pp. 393-396):

€ = 0.2 (corresponding approximatexy to oxidized aluminum
at 1000° F and to polished iron at 100° to 500° F)
€ =0.5 (corresbonding sepproximptely to smooth sheet iron

at 1900° F end oxidized rolled sheet steel at 100° F)

€ = 1.0 '(corrasponding to & Dblack bodj or perfect radiator)
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For nearly all substances € is a function of temperature. It will
be shown, however, that, so long as the value of € is not closs to
zero, the particular velue that it has is not an importent factor in

determining airplane surface temperatures. _ —

The rate of rediation H/S as given By equation (10) is shown
as a function of surface temperature in Tigure 3. '

Heat Transfer by Convection

+ The flow over the first part of a smooth flat plate 1s laminar.
If the Reynolds number of the flow, based on the plete length, is
sufficiently large, the region of laminar flow is followed by a
region of transition, which in turn is followed by & reglon of
turbulent flow. The equationa for the heat-trensfer coefficient in
the laminar region are (reference 10, p. 238)

hy = 0.33 £ (Re)/2(pr)1/3 | (1p

%= 0.66 -E (Re)1/2(pr)1/3 (12)

In the turbulent region the equation for the local coefficient 1s
(reference 10, p. 2

k 0. - ' 9
hy = 0.029 £ (Re), 8pr - (13)

and for the average coefficient is

fn- ax . S -
x. ) :

h =

= 0.036 £ (re)° % (14)
dx

Equation (12) is e theoretical equation thet has been experi-
mentally verified, and equation (1) is an empirical relation.
These equations epply when the free-stream velocity ig subsonic
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and when the temperature gradient (that is, the viscosity gradient)
in the boundary layer 1s small but ere essumed-herein to spply in
supersonic flow and in flow with lerge boundary-layer gredients.

Ordinarily, in order to compute the heat transfer from a flat-
plate, estimates are made of the Reynolds number of transition

and the limits of the transition region. The value of- h 18 then-

computed and plotted in the laminar and the turbulent regions, a
reagonable transition curve is drawn, and an integration is per-
-formed to obtaln the average heat-transfer coefficient for the
entire plate. The extent, however, of the leminar region depends
not only on the Reynolds number of the flow but also on the iniltisl
turbulence in the flow and on the viscoslty gradlent in the
boundary layer. Measurements on an unhesated flat plate by

Van der Hegge ZiJnen showed that transition occurred at a Reynolds
number of about 300,000 with a glven degres of initlal turbulence
and at a Reynolds number of 100,000 when a wire screen was used to
increase the initial turbulence (reference 10, pp. 261-26L).
Measurements at the Natlonal Bureau of Standards showed transition
8t a Reynolds number of 1, 100 OOO with small initiel turbulence °
and at 300,000 behind a wire screen (reference 10, pp. 26L-265).
The plotted data of Elias and of Fage and Falkner (reference 9,
fig. 99, p. 206) would indicate transition on a heated flat plate
at-a Reynolds number of approximauely hO 000 (if a transition
curve were drawn hetween the laminar and the—turbulent curves).

The airfoil to which the heat-transfer equations are applied
is shown in figure 4. The conditions in region 2 between the
shock wave and the airfoil surface, but outside the boundary layer,
ere given in terms of the conditions In region 1 ehead of the shock
wave by the following equations (reference 11):

Eg - tan o |

Py = Tam (a - B) (18)
v2 . —

el - — -CO0S8 o - =i 6)
Vl cos8 (o ~ B) (1
5, (et - 253) tan (a - p)

o= 17)
Ty 2+ l tan o ()

2



NACA TN No. 111k 11

7 +1
= 1?

cot B = tan a|—5—>5 (18)
1sino:,-l

Conditlons in region 1 depend on the Mach number and the
altitude. The values of temperature and density that were used at
the high altlitudes considered herein ere given in sppendix A. The _
Reynolds numbers behind the shock wave , reglon 2, based on a length i
of 1 foot and a free-stream Mach number of 6 are shown in the B
following table: _

. Altitude Reynolds =
(£t) number ;
50,000 9,600,000 —=
100,000 880,000 =
150,000 81,000 : R
200,000 7,500 | . e

The variatlon of Reynolds number with Mach number at a given altitude
is not very large compared with the variation of Reynolds number with
‘2ltitude ‘at & glvén Mach number. The Reynolds number at & Mach
number of 10 is approximately 7 times the Reynolds number at a Mach
number of 2 at-all the altitudes shown in the preceading table.

The rate of heat transfer to the airfoil is .

£ = H(Ty - Tp) o (19)

In appl,ying equation (19) : the following assumptions and bimpli-
fications were, madp' . . .\ _ T
(1) At.altitudes of 50,000 and 100,000 fect, & is‘g\il.ven by o
equation (14 . S

(2) At altitud.es of - 150, 000 and 200,000 feet, h is glven by T ~
equation (12) - - . S —
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(3) The Xk in equations (12) and (14) was based on the
temperature in region 2, notwithstending the large temperature
gradient in the boundary layer, :

(4) The Reynolds number used in computing h was based on
denglty, velocity, and viscosity in region 2, notwlthstanding the
large viscosity gradlent in the boundary layer.

(5) The Reynolds number was based on a l-foot length.

The rates of heat transfer from the ailr to the elrfoll, as
glven by equation (19) under these assumptions and gimplifications,
are shown in figure 5. The rate of heat transfer to the alrfoll at
a glven Mach number decreases rapidly as the altitude ia incremsed.

RESULTS AND DISCUSSION

At a given altitude and Mach number if thermal equilibrium
has been reached and if thers is no thermal conduction from the
forward half of the airfoil (fig. 4) to_some other part of the
airplans, the equilibrium. tempsrature of the forward part of the
airfoll is the temperature at which the rate of heat transfer from
the airfeil by radiation is equal to the rate of heat transfer to
the airfoil by convection. In other words, equilibrium tempera-
ture is the surface temperature T, at which E/S in figure 3 is
equel to EH/S in figure 5. This equilidbrium surfaco temperature
is shown in figure 6 as & function of free-stresm Mach number.
(The curve for ¢ = 0 in figure 6 shows stagnation temperature.)

Figure 6 shows that the surface temperature can be much less
than the stagnation temperature if the altitude of flight is
sufficiently high. It can be seen, also, that, if the surface is
in thermal equilibrium at a given temperaturs, the higher the
altitude the greater the Mach number. An equilibrium surface
temperature of 1500° F absolute is shown, for example, for € = 0.5,
at & Mach nuwber of 4k at 50,000 feet, of L.k at 100,000 feet,
of 6.5 at 150,000 feet, and of 9.2 at 200,000 feet. At a given
Mach number, therefore, the surface temperature is also shown %o
decrease ag the altitude incremses. At a Mach number of 8, for
example, the surface temperature for € = 0.5 is 3800o F abeolute
at 50,000 feet and decresses to 1350° F absolute at 200,000 feet.
Filgure 6 shows clearly that the value of € does not have much
effect on the surface temperature so long as the value of € ig
not close to zero.
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The temperature of only the forward part (the hottest part) of
the airfoil shown in figure 4 is considered herein. When the air
stream expands in going from region 2 to reglon 3, 1te density is
decreased more then its velocity is increased. The rate of con-
vection from the ailr stream to the eirfoll consequently is smaller
and the equillibrium temperatura is smaller for region 3than for the
forward part of the alrfoll.

The effect of solar radlation on the tsmperature of the
eirfoll is not included in figure 6. The molar constant, which is
the quantity of energy that impinges in unit time on unit ares of a

surface normal to the sun's rays and Just outside the earth's
atmosphere, is 0.116 Btu per second per square foot. (Actually,
only about 7O percent of the initial solar radiation gets through
the earth's atmosphere to sea level on & clear dey when the sun

is at the zenlith.) For Mach numbers and altitudes for which the
rate of gain of heat by the airfoll by convection and the rate of
loss of heat by radiation are of the same order of magnitude as the
gsolar constant, the temperature of the airfolil could be considerably
affected by solar radilation.  These conditions are met when the Mach
number is small and the altitude is high. Figure 7 was prepared on
the assumption that the eirfoll absorbed radistion at the rate

of 0.116¢ Btu per second per squere foot, in edditlion to recelving
heat from the boundary layer by conxection and losing heat by
radiation. Comparison of figures 6(b) and 7 shows, therefore, the
maximum effect that solar radiation can have on the equilibrium
temperature of the eirfoil. "

Equilibrium temperatures at higher altitudes than 200,000 feet
are not shown. The heat-transfer equations used for calculating
equilibrium temperatures cannot be safely applied at eltitudes
. greater than 200,000 feet inssmuch as the boundary-layer thickness
is no longsr lar e in comparison with the mean free path of the
air moleculss. % See appendix B.)

SUGGESTIONS FOR FUTURE RESFEARCH

- An Inbteresting by-product of the investigation is the list of
ungolved problems which made necessary a number of assumptions in
obtaining the results. These problems include the following:

(1) Heat-transfer coefficient in supersonic flow

(2) Heat-trensfer coefficient with largs viscosity gradient

al.

l

g
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(3) Thermal conductivity and coefficient of viscosity of air .
at high temperatures

(4) Boundary-layer transition in supefsonic fliow
(5) Boundary-layer transition with large viscosity gradient | _
(6) Boundary-layer transition with heat trensfer i -
(7) Recovery factor in supergonic flow ' _ h —
(B) Recovery factor with hich boundary-layer temperatures

(9) Boundary-layer thickness in supersonic flow

(10)lDrag, 1ift, and heat transfer at altitudes where mean
fiee paih is not of & lower order of magnitude +han o
houndary-layer thicknesa o —

(11) Density end temperaturs at high altitudes ; —

(12) Effect of heat-cepacihy lag on heab-tranafer coefficilent
CONCLUSIONS : : a .

The following conclusions based on caloulutions of surface
temperatures of bodies in stvady supersonic flight may be drewn:

1. The rate at which heat is transferred to a body from the
alr by means of convection decreases at constant Mach number asg
the altitude 1s increased. . . .

2. Loss of heat from a body by meens of radiation ie an -

important factor in determining the temperature of the body if the i
altitude of flight ig sufficiently great. _ . L

3. The tempeoraturs at which thermel equilibrium betwsen con-
vectlon and rediation is reached decrcases, at constant Mach
number, as the altltude is increassed.

I, At sufficiently high eltitudes and sufficiently high Mach
numbers the sviface tamperature of a Tody i1s ccnslderably less than .
the stegnation temposreture of the ailr. At & Much nmber of 8, for -
example, the stagration temperature is Ld)0° ¥ abaglute and the
uilibrium surface temperature for an ewlssivity o 0.5 is _ _
09 F =bsolute. at 5,000 feet and decxeases to 1350° F absolute _ -
at 200, OOO feet. o
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5. The value of the emigsgivity of the surfaece does not have
much effect on the surface temperature if the value of the - N
emisgivity is not close to zero. T

6. Solar radiation has a large effect on the surface tempera-
ture only for low Mach numbers end high altitudes.

Langley Memorial Aeronsuvtical Iehovatory ' R—
Netional Advisory Committes for Asronmutica S T
lengley Field, Va., October 10, 19k6 o T



16 ' NACA TN No. 111ik
APPENDIX A
ATMOSPRERIC PROPERTIES AT HIGH ALTITUDES

The properties of ths standard atmosphere are defined in
reference 12 to an altitude of 65,000 feet. Altitude-pressure
tebles for altitudes to 80,000 feet are given in reference 13.
In reference 13, at altitudes between 35,332 snd 80,000 feet the
temperature 1s taken to be 3729 F absoivte and the density 1s
given by the followirg equatlcn, witlch wag obteined from Boyle's
law and equation (8) of refervnce 12: '

Y = 35332 + 48P11.1 log 94923121

(20)

The present investigation wns gimplified by the assnmptlons
that the isotherwnl region of the atmoapncre, in which the tempera-
ture 1s 392° ¥ absolute, oxtends to an aliltude of £¢0,00( lest and
that the dersity in the isothermel region is given by agwiion (20).

The following table giveg the denslties and pressures obtained under

thege agsumptiona:

Altitude Deneity Pregsure
(f1) (slug/cu ft) (in. dg)
50,000 3.61 X 10-% 3.43

100,000 3.31 x 1072 3.15 x 1071
150,000 3.0k x 10” 2.69 x 1072
200,000 2.79 x 1077 2.66 x 1073

Since the present paper vas begun, the NACA Speclal Subcommittee
on the Upper Atmosphere hag adopted a resolution ia wihich a tentative
extengion of the stendard atmoephere is nmade. The exrengicn 18
from the 65,000 feet altitude of reference 12 to 101.000 feet. The
propartiss of this oxtended atwosphste are givea in refercmce 1h.

The isothermal region 13 assumed Lo extend te 100,000 feet. The
denslty and pressure shown in the preceding teble at altitudes

of 50,000 and 100,000 feet are accordingly the sams as those glven
in reference lh-for those altitudes.

I
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APPENDIX B
TIMTTING ATTITUDE FOR FTUTD-FLOW EQUATTONS

There 18, or course, & limit to the altitude at which the usual
equations describing fluid- flow phenomena apply.. A boundary-layer
phenomenon such as convective heat transfer depends on the free-
path phenomena of viscosity and thermal conductivity. The usual
equations that describe convective heat trensfer can be expsected
to eapply only when the mean free path of the air moleculss is
small in comparison with the thickness of the boundary layer. The
mean free path of air molecules 18 glven by the kinetic theory of
gases as (reference 15)

- (21)

The thickness of the boundary layer, if teken as twice the dis-
placement of the streamlines, is; for laminar flow (reference 16),

5 = 3.4x(Re) -1/2 : (22)

The mean free path in region 2 of figure 4 between the shock
wave and the airfoil surfacs % but outside the boundary 1ayer) end

the calculated thickness of the boundary layer on the airfoil 1/2 foot
from the leading edge are shown in the following table. The velues
are for a Mach number of 6. (The values of A and & vary by a
maximm factor of about 3 between a Mach number of 2 and a Mach
number of 10.)

Altitude Mean free path Boundary-layer
(ft) (in.) thickness
(in.)
50,000 ° 1.7 x 1072 9.3 x 1073
100,000 1.9 x 10 3.1x 1077
150,000 2.0 X 10-3 1.0 X 1077
- 200,000 2.2 X 10~ 3.0 X 107

According to the data of s preceding teble, the equations for
heat-transfer coefficlent given in the present paper cannot be

safely applied at altitudes exceeding 200,000 feet.



18 NACA TN No, 111k

REFEPENCES

1. Joos, Georg: Theoretical Physica. G. E. Stechert & Co. (New York),

1934, chs. XXXIV and XXXV.

2. Justi, E.: Spektroskopische Bestimmng der spezifischen Werme .
der Gase bel hoheren Tempereturen.” Forschung auf dem
Gebiete des Ingenieurwesens, Bd. 2, Nr. L, April 1931,
pp. 117-124,

3. Pohlhausen, E.: Der Warmeaustsusch zwlschen fest_en KSrpern
und Flilssigkeiten mit klelner Reibung und kleiner Warmeleitung.
Z.f.a MM., Bd. 1, Heft 2, April 1921, pp. 115-121.

L, Emmons, H. W,, and Brainerd, J. G.: Temperature Effects in a
Iaminar Compressible-Fluld Boundary Layer along a Flat Plate.

Jour. Appl. Mech., vol. 8, na. 3, Sept. 1941, pp. A-105 - A-110.

5. Eckert, E., and Drewltz, O.: The Heat Transfer to a Plate in
Flow at High Speed. NACA TM No. 1045, 1943.

6. Hilton, W. F.: Thermanl Effects on Bodies in en Air Strcam.
Proc. Roy. Soc. (London), ser. A, vol. 168, no. 932,
Cct. 10, 1938, pp. 43.56.

7. Kantrowlitz, Arthur: Aerodynamic Heating and the Deflect.ion of
Drops by en Obstacle in an Alr Streem in Relation to Alrcreft -
Icing. NACA TN No. 779, 19LO.

8. Wood, George P.: Use of Stagnation Temperaturs in Calculating
Rate of Heat Trensfer in Alrcraft Heat Exchangers.
NACA RB No. 3730, 1943. .

9. McAdems, Willlam H.: Heat Transmission. Second ed., McGraw-
Hill Book Co., Inc., 19k2.

10. Dryden, H. L.: Aerodynamics of Cooling. Vol. VI of Aerodynamic
Theory, div. T, ch. II, sec. 7, and ch. VI, secs. 2, 4, and 8,
W. F. Durand, ed. . Julius dpringer (Berlin5 1936.

11. Schubert, F.: Contribution to the Thoory of the Steady Com-
pression Shock. R.T.P. Translation No. 2258, British
Ministry of Aireraft Production. (From Z.f. a.M.M Bd. 23,

- Nr. 3, June 1943, pp. 129-138,) .

12. Diehl, Walter S.: Stendard Atmosphde - Tables and Data.
NACA Rep. No. 218, 1925. (Reprint 1940.)



NACA TN No. 111k 19

13. Brombaecher, W. G.: Altitude-Pressure Tables Based on the United
Stetes Standard Atmosphere. NACA Rep. No. 538, 1935.

k. Aiken, William S., Jr.: Standard Nomenclature for Airspeeds
with Tables and Charts for Use in Calculation of Airspeed.
NACA TN No. 1120, 1946,

15. Jeans, J. H.t The Dynamical Theory of Gases. Cambridge Univ.
Press, 1904, p. 32. : :

16. Prandtl, L., and Tistjens, O. G.: Applied Hydro- and Aero-
mechenics. McGraw-Hill Bock Co., Inc., 193%, p. 67.



NACA TN No. 1114 _ Fig. 1

8004

700 | /

50 41/

7, F abs.
™~

200 | /

30 ' —

2ood— L | |/

/00 4

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

o 2 4 6 - 8 /0

M

Figure h— Stagnation temperature as o function of free-stream Mach
number. free-streosn temperalfure , 392 °F 0bs; 9=/ 4



Fig. 2

NACA TN No. 1114

&000

7000

obs
I~

K | /
3000 : /

/ {
000 e
/ /
1000 . //
/
. NATIONAL ADVISORY

0 ! MITTEE FOR AERONAUTICS

o 2 4 - 6 '

8 /0
™,

Frgure 2. — Stogrnat/iorn Temperature as a rfunction of Free -slfreormn
Moach number. Freé-stream temperature, 392 °F absy; -~y vorres
wilth temperature. - :



NACA TN No. 1114 . Fig. 3a

36 . 1 _ r

- 320 :
| /

k= Iy
}lﬁ:/ /60 / 7

T

80 / 7
/ 2
20 ,
0 _é/‘//
O 2000 . FO000 _ 6000
% F abs. ;

- o . NATIONAL ADVISORY
@) 7s -from O fo 6000° F abs.  .ouurtee For AERONAUTICS

Figure 3.- Rate of heat emission by radiation as a function
of Qurface Termnperature. o



Fig. 3b : NACA TN No, 1114

/0 /

B
sl 1/
P B ]
RE 1/
“ S

i

S

A
\

/
//
L.—/’/
0 400 800 /200 /600 2000 2400
7, °F abs. -

(6) Ts from. O°fo 2400° F abs.
NATIONAL ADVISORY
Figure 3.~ Concluded. commITTEE FoR Ar.uon‘iuncs



NACA TN No. 1114 . Fig.4

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Frgure 4. — A/rfor/ ord desgration of regrons
and  argles.



Fig. ba : k -~ - -+ "NACA TN No. 111

400
A\
s50 N

320 \

240 \\ \

N .
w
s \ \
S2 200 \
RS )
b N \
A - \V N
ill/) /60 \ \
. \\ 8 \
0 \
N \
N N \
80 <
\& A\ \
N
N \
40 \ »
\\4 \
N
o 2'\ \\ \
O 2000 4000 - 6000
7%, F abs. ' NATIONAL ADVISORY
(@) Altrtude, Q000 Feet I Ton NERONAUTICS
Frgure 5. — Rate of heat gain by convection as a ‘funation

of Surface ftemperature.



NACA TN No. 1114 Fig. 5b

40

360

32

280

A, Bru
S~ (sec)(sq FF)
N

v /60
/2
80 Y,
R
\\
40\
0 2000 4000 ' 6000

o : NATIONAL ADVISORY
7‘; 4 £ abs. COMMITTEE FOR AERONAUTICS

@) Altrtvae, /00,000 Feet:

Fgure 5. —- Continved.



Fig. 6c - T ' ' 7.7 NACA TN No. 1114

/
8
7
M
. \\/q\
R .
Yo
S o \
> 5
QD
2] —
r\\, \
%‘V) 4
\\
\8
3
\\
‘\
2 .\a
\ \
6
\
/
\
\
oI B
0 400 800 /200 /600 2000 2400
%, °F abs. ' o
NATIONAL ADVISORY

- (c) Alt1tude , /\5_0, 000 feet. COMMITTEE FOR AERONAUTICS

Figure 5. ~ Contrnued.



NACA TN No. 1114 Fig. 54

/0 . _
9
8
7
6
EN -~
&
o
NG 61
QS
Q
&,
LY
AN p,
3
Qb= — -
——] i
e ——
g ——— 8 L\T
6l I s e
& T
o} — B R M
0 00 800 /200 /600 2000 2400
7s, °F abs. . NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS ~
W) Alt1tvoe, 200,000 reer ) T

Frgure 5. -~ Concluded.



Fig. 6a | ‘NACA TN No. 1114

Altitvoe , £ €
7000 99000 : 0—
——— /00000
— —/50000
— - 200000 /
& _
A )2
Stagnation / /
51 temperatyre —», / 5
N/ / o
- ANz
§ 4000 A
oLj\ /// 4/)
~ /s
N om0 o4
20
/00,
00 2 4 6 8 /0
M
@) M, from 2 to /0. NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

Frgure 6.— Louslbrivm surfoce kﬂé,berafurz as a runc7ion
of" free-streom Mach number:

: “"'1_‘.



NACA TN No. 1114 | Fig. 6b

/600[
€ =0.2?:_J%// // // /
1400|— Sl 2, Y/ 4
///"5;',0/ /
// / //-2 // //
- /44 y
1200 //// ,/,/ A,
0,77 7
///I/,l// '/{//LO/ Ll
/ o 5
1000 //// /,/ / d ,/ A
e ' ¢ -~
//J/ 4////// / ,/9
/ // / A L~ -
: /] _ ]
2 800l fut ,A @ L
S &% >
olk ll////f////// /
- v
po 60044/./ <
e
i
_ L~
. 400
Altitvde, £t
50,000
. /00,000
200 - — /50000
: T T 200000
NATIONAL ADVISORY.
0 COMMITTEE For AERONAUT ICS
2 3 4 5 6

M, .
&) M, from & 7o &. ' e

Figure .- Concluded.



Fig. 7 _ ' . NACA TN No. 1114

1600
€l 025200 .5 10| 2
7
// / // // 5
400 VAV VIR S /
” // s //.2
arva A4
/ ay
/200 / Y AN A
| N A
» 715
) e
/,L/ v /
1000 = :
// J/ _—
e /// ] —
vi T 4
S P
b~
e
600
400 ! :
Altitude, F#
———— 50,000
“““““ /00,000
200 | —— —=/50, 000
— = 200,000
NATIONAL ADVISORY
P COMMITTEE FOR AERONAUTICS
23 2) 5 e

M,

Figure 7.= Equilibrium surface "femperafu_re as
a function of free:-;sf/‘eam' Mach number.
Effect of solar radiation included.



